The small GTPase Ras is converted to the active, GTP-bound state during exposure of vertebrate cells to hypothermic stress. This activation occurs more rapidly than can be accounted for by spontaneous nucleotide exchange. Ras-guanyl nucleotide exchange factors and Ras GTPase-activating proteins have significant activity at 0°C in vitro, leading to the hypothesis that normal Ras regulators influence the relative amounts of Ras-GTP and Ras-GDP at low temperatures in vivo. When hypothermic cells are warmed to 37°C, the Raf-Mek-Erk protein kinase cascade is activated. After prolonged hypothermic stress, followed by warming to physiologic temperature, cultured fibroblasts assume a rounded morphology, detach from the substratum, and die. All of these biologic responses are attenuated by pharmacologic inhibition of Mek. Previously, it had been found that low temperature blocks acute growth factor signaling to Erk. In the present study, we found that this block occurs at the level of Raf activation. Temperature regulation of Ras signaling could help animal cells respond appropriately to hypothermic stress, and Ras-Erk signaling can be manipulated to improve the survival of cells in cold storage.
Introduction
The low-molecular-weight GTPase Ras exists on the inner surface of the plasma membrane, where it functions as a molecular switch that links extracellular signals to intracellular biochemical responses (1) . The role of Ras in peptide growth factor signaling is particularly well understood. When cells are treated with EGF, for example, the extracellular domain of the EGF receptor binds EGF, and the intracellular protein tyrosine kinase domain undergoes autophosphorylation (2) . Proteins such as Grb2 and Shc then serve as adapters that form a bridge between the receptor and Sos, a Ras-guanyl nucleotide exchange factor (Ras-GEF) (3, 4) . The net effect is to recruit Sos to the membrane, where it can activate Ras. Active Ras-GTP then signals to various effector systems such as the RafMek-Erk protein kinase cascade (5) . This signaling is normally attenuated by GTPase-activating proteins (GAPs) that stimulate conversion of Ras to the inactive, GDPbound state (6) . Ras signaling has been implicated in a number of biologic processes including cell division (7), cell adhesion (8, 9) , cytoskeletal rearrangements (10), differentiation (5) , and cell survival (11, 12) .
Here we show that hypothermic stress leads to activation of Ras in rat fibroblasts. Furthermore, the Raf-MekErk kinase cascade is rapidly activated when hypothermic cells are returned to physiologic temperature. Previously, it had been found that low temperatures block acute growth factor signaling (13, 14) . When fibroblasts are exposed to EGF at 4°C, Erk is not activated (14) . This temperature effect is not due to trivial effects on ATP levels, for example, as autophosphorylation of the receptor at low temperature is readily detectable.
Hypothermia is a common environmental stress sustained by many species. Furthermore, hypothermia is often used to preserve human cells, tissues, and organs for transplantation. In this latter situation, hypothermia is thought to protect cells by slowing metabolism during the anoxic storage period. Hypothermic stress can also cause cell damage, however. This damage could stem from decreased ATP synthesis, failure to maintain cellular membrane Na + and Ca 2+ ion gradients, cell swelling, and activation of phospholipases (15) (16) (17) (18) . Hypothermia is also a recognized trigger of apoptosis (programmed cell death) (19) (20) (21) . Little is known about specific biochemical pathways that are activated in response to hypothermic stress, however. Furthermore, the relationship between known biochemical changes in hypothermic cells and cell damage is not understood.
We studied the mechanism and consequences of Ras activation in cultured cells exposed to hypothermia. We also determined the level in the signaling cascade at which low temperature blocks acute EGF signaling in fibroblasts.
Methods
Cell culture. Rat2 cells have been described previously (22, 23) . H-Ras and Raf1 were overexpressed using the retrovirus vector pBabePuro and a helper-free retrovirus packaging system (24, 25) . Madin-Darby canine kidney (MDCK) and primary human lip fibroblasts (KD) cells were kindly provided by M. Pasdar and R. Day (both of the University of Alberta), respectively. Primary chicken embryonic fibroblasts (CEFs) were purchased from Spafas Inc.,(Preston, Connecticut, USA) and primary rat embryo cells (RECs) were purchased from BioWhittaker Inc. (Walkersville, Maryland, USA). Normal growth medium for all cells was DMEM/10% FBS, except for CEFs, which were maintained in DMEM/10% tryptose phosphate broth/1.1% chicken serum/4.4% calf serum. When indicated, cells were given a pretreatment of 50 µM PD098059 (Calbiochem-Novabiochem Corp., La Jolla, California, USA) or DMSO (0.1%) vehicle control for 90 minutes before cooling.
For studies involving activation of Ras, cells were incubated on ice in either DMEM/0.5% dialyzed FBS (Figure 1a) or DMEM/10% FBS (Figure 1b) . To study biochemical events dur-ing the warming period, cells were incubated on ice in normal growth medium for the indicated amounts of time and then warmed using one of two protocols. To study early events after recovery from hypothermic conditions, the temperature was raised quickly with an "add back" protocol. In this method, growth medium was removed from the culture during the last 15 minutes of incubation at 0°C. This medium was warmed to 37°C and then added back to the original culture at the start of the recovery period, as the culture was placed in a 37°C water bath. In the second "shift" protocol, cultures were simply transferred from ice to a warm metal tray in a 37°C CO 2 incubator. This treatment was used in two experiments (see Figure 5 a and d). Using this second protocol, the temperature takes several minutes to rise. Thus, the kinetics of reactions are not directly comparable between different figures.
Biochemistry. To measure Ras activation, rat2 cells were labeled with 32 P i for 4 hours. After various treatments, cells were lysed and Ras was immunoprecipitated with antibody Y13-259. Rasassociated guanyl nucleotides were then separated by chromatography on cellulose-polyethyleneimine (PEI) and analyzed by PhosphorImager (MacBas 1000, Fuji Film Corp., Stamford, Connecticut, USA) analysis (23) . Alternatively, Ras activation was assayed by a nonisotopic method that takes advantage of the ability of Ras-GTP to bind to the Ras-binding domain of Raf (26) . Rat2 cells overexpressing wild-type H-Ras were lysed after various periods of incubation at 0°C. Lysates were incubated for 30 minutes at 4°C with 30-50 µg GST-RBD (GST fused to amino acid 1-149 of wild-type Raf-1) bound to glutathioneSepharose. Precipitated Ras was resolved on 11% SDS-PAGE and detected by immunoblotting with an anti-Ras mAb (R02120; Transduction Laboratories, Lexington, Kentucky, USA).
H-Ras was expressed in Escherichia coli and purified by chromatography. Because some exchange factors may work better with substrate Ras that has been fully processed, we also used 6× His-tagged Ras that was expressed in Sf9 cells using a baculovirus expression system and purified by nickel chromatography. To assess spontaneous association of guanyl nucleotide in vitro, bacterial Ras-GDP complex was incubated with a molar excess of [α-32 P]GTP in a 0.2-mL reaction, either on ice or at 30°C. Reactions contained 50 mM Tris (pH 8.0), 5 mM MgCl 2 , 5 mM NaCl, 1 mM DTT, 0.2 mg/mL BSA, 1 µM Ras-GDP, and 100 µM GTP including 40 µCi [α-32 P]GTP. At various times, 0.05-mL aliquots were removed and Ras was immunoprecipitated with antibody Y13-259. Precipitated guanyl nucleotides were dissociated, chromatographed on cellulose-PEI, and quantified by PhosphorImager analysis. Maximal Ras loading was determined by adding EDTA followed by titration with excess MgCl 2 . We also studied association using processed Ras and recombinant Ras-GEFs. These reactions (0.05 mL) contained 20 mM Tris (pH 7.5), 5 mM MgCl 2 , 100 mM NaCl, 1 mM DTT, 10% vol/vol glycerol, 0.2 mg/mL BSA, 0.2 µM Ras-GDP, and 1 µM GTP including 10 µCi [α-32 P]GTP. Reactions also included 0.1 µg purified 6× His-tagged p30GRF1, the catalytic domain of Ras-GRF1 (27) .
To assess guanyl nucleotide hydrolysis, 6× His-Ras was bound to [α-32 P]GTP and separated from free nucleotide on PD10 desalting columns (Amersham Pharmacia Biotech, Inc., Baied'Urfé, Québec, Canada). Reactions (0.06 mL) contained 20 mM HEPES (pH 7.2), 2 mM MgCl 2 , 5 mM DTT, 0.5 mg/mL BSA, and approximately 0.04 µg Ras-[α-32 P]GTP complex. When indicated, reactions also contained 0.3 µg purified p120GAP. After incubations, Ras-associated guanyl nucleotides were precipitated and analyzed as described earlier here.
To measure Raf-1 activity, rat2 cells overexpressing wild-type Raf-1 were lysed in buffer containing 20 mM Tris (pH 8.0), 137 mM NaCl, 2 mM EDTA, 10% vol/vol glycerol, 1% vol/vol NP40, 0.1% wt/vol SDS, 0.5% wt/vol sodium deoxycholate (DOC), 2 µg/mL leupeptin (Boehringer Mannheim, Laval, Québec, Canada), 20 µg/mL aprotinin (Sigma Chemical Co., St. Louis, Missouri, USA), and 1 mM Pefa (Boehringer Mannheim). After the lysates were cleared by centrifugation, Raf-1 was immunoprecipitated with the anti-Raf-1 polyclonal antibody (C-12; Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) bound to protein A-Sepharose. Immunoprecipitates were washed with DOC-and SDS-free lysis buffer and incubated in a final volume of 0.06 mL at 30°C with 0.5 µg GST-MEK fusion protein, 2 µg recombinant kinase-defective Erk in 30 mM HEPES (pH 7.4), 10 mM MgCl 2 , 7 mM MnCl 2 , 2 mM DTT, and 20 µM ATP containing 10 µCi [γ-32 P]ATP. After 30 minutes, the reaction was stopped with SDS sample buffer and the products were resolved by SDS/PAGE. Proteins were transferred to nitrocellulose, and radiolabeled Erk was quantified by PhosphorImager analysis. Similarly, Mek1 was precipitated with an mAb (M17020; Transduction Laboratories), and activity was assayed using kinase-defective Erk as substrate (28) .
Erk activation was measured in a mobility shift assay by resolving proteins on SDS-PAGE and immunoblotting with anti-MAPK mAb (13-6200; Zymed Inc., Camarillo, California,
Figure 1
Activation of Ras in response to hypothermic stress. (a) Ras-GTP was measured in rat2 cells using a 32 Pi labeling method. As a control, cells were stimulated with EGF (100 ng/mL) at 37°C (lane 1). In lanes 4-6, cells were incubated on ice for the indicated times. In lane 7, cells were incubated on ice for 4 hours and then warmed to 37°C for 1 minute. After cell lysis and immunoprecipitation of Ras, the levels of associated GTP and GDP were determined. Top: Autoradiogram showing radiolabeled GDP and GTP after separation by chromatography. Bottom: The results at the top have been plotted as percent GTP relative to GTP + GDP. The results shown in lanes 1 and 3 have been observed numerous times. Numbers of independent times such observations were made are shown above other bars. Note that the data in lane 2 (cells were incubated on ice for 30 minutes and then stimulated with EGF for 5 minutes on ice) concern the lowtemperature block to acute EGF signaling. (b) Rat2 cells overexpressing wild-type H-Ras were incubated on ice for 1-32 hours. Ras-GTP was precipitated from cell lysates with a GST-Raf fusion protein, and precipitated Ras was detected with an anti-Ras immunoblot method.
USA). Alternatively, proteins resolved by SDS-PAGE were immunoblotted with an antibody directed against phosphorylated Erk (9105; New England Biolabs Inc., Beverly, Massachusetts, USA). To demonstrate equivalent amounts of Erk in each lysate, a parallel immunoblot was performed with anti-Erk polyclonal antibody (sc-94; Santa Cruz Biotechnology Inc.). To assess tyrosine phosphorylation of Erk and Shc, cell lysates were resolved by SDS-PAGE and immunoblotted with a cocktail of 2 different anti-phosphotyrosine mAb's (4G10 from Upstate Biotechnology Inc., Lake Placid, New York, USA; PY69 from Santa Cruz Biotechnology Inc.). The identities of Erk and Shc were confirmed by immunoblotting these lysates with antibodies that recognize these 2 proteins.
Viability studies. To assay cell viability after prolonged hypothermia, rat2 cells, RECs, and MDCK cells were pretreated with PD098059 (50 µM) or DMSO vehicle control and then incubated in an ice-water bath for 0-72 hours in a tightly sealed tissue culture flask containing a 10% CO 2 environment. Cells were then warmed to 37°C for 4 hours. Both substrate-attached and -detached cells were pooled and plated at low density to determine the number of viable colony-forming units. The remainder of each sample was incubated for 4 hours at 37°C in a 25-cm 2 tissue culture flask to allow reattachment. Reattached (i.e., viable) cells were then trypsinized and counted with a Coulter counter (Coulter Electronics Ltd., Hialeah, Florida, USA). Counting colonies from the low-density cultures after 12 days' incubation provided an alternative index of cell survival, with similar results.
Results
Ras is activated in response to hypothermic stress. Ras activation in rat2 fibroblasts was assessed by measuring the 32 Plabeled guanyl nucleotides associated with Ras ( Figure  1a) and by measuring the amount of Ras-GTP that could be precipitated from lysates using a GST-Raf fusion protein (Figure 1b) . Ras is primarily GDP bound in untreated cells. We discovered that Ras-GTP slowly accumulates in cells exposed to 0°C in normal growth medium. Within 4 hours of 0°C incubation, the amount of Ras-GTP (33%) approaches levels obtained after acute EGF stimulation at 37°C (44%). Remarkably, this activated state can persist for at least 32 hours. After rewarming, Ras-GTP levels decrease within 1 minute (Figure 1a) . The results shown in Figure 1a obtained with cells treated at 0°C with EGF are discussed later here.
Ras-GTP association and hydrolysis at 0°C. To understand how Ras might be activated in hypothermic cells, we studied spontaneous and catalyzed GTP hydrolysis and guanyl nucleotide exchange reactions in vitro, using recombinant proteins. Because in vivo Ras activation at 0°C was slow and increased over a 4-hour period, we studied the extent of these reactions over this period. Recombinant Ras copurifies with GDP (29) . After incubating Ras-GDP with an excess of labeled GTP for 4 hours at 30°C, 53% of Ras was associated with labeled guanyl nucleotide and 75% of this was hydrolyzed to GDP. By contrast, after incubation at 0°C, we observed that only 3% of Ras was associated with exogenous nucleotide (Figure 2a) . In this case, about 15% was hydrolyzed to GDP, and the remaining 85% was present as GTP. Thus, spontaneous dissociation of Ras-GDP and association of GTP with Ras are very slow at 0°C.
p120GAP is a major Ras-GAP in fibroblasts, and we found that this enzyme retained considerable activity at 0°C when assayed over a 4-hour period (Figure 2b) . Similar results were obtained with the catalytic domain of neurofibromin, another Ras-GAP (data not shown). We also examined the ability of 2 Ras-GEFs to function at 0°C. The catalytic domain of GRF1 caused a 10-fold increase in the formation of Ras-GTP relative to the noncatalyzed GTP association reaction (Figure 2c ). Ras-GRP, another Ras activator in the CDC25 family (30), similarly displayed considerable activity (data not shown).
The Raf-Mek-Erk kinase cascade is activated during recovery from hypothermia. To address the biochemical consequences of Ras activation by hypothermic stress, we examined the status of the Raf-Mek-Erk protein kinase cascade at various times after recovery from 4 hours of hypothermic stress. Using an immune-complex kinase assay, Raf1 was found to be maximally activated 1 minute after rewarming to 37°C (Figure 3a) , whereas Mek1 was maximally activated after 2 minutes (Figure 3b ). Tyrosine phosphorylation of Erk, a marker for activation by Mek, was maximal at 3 minutes (Figure 3c) . A protein kinase downstream of Erk, p90 rsk , was also activated after recovery from cold (data not shown). No activation of the kinase cascade was evident without rewarming. Thus, Ras activation by hypothermic stress leads to a typical biochemical effector response during the recovery period. The stress kinases SapK and p38HOG were only slightly activated during recovery from hypothermic stress, consistent with our observation that these kinases are not regulated by Ras in rat2 cells (data not shown).
Inhibition of EGF signaling at low temperature involves a failure to activate Raf1 but not Ras.
In parallel with the experiments just described, we addressed the mechanism underlying the previously documented effect of low temperature on EGF signaling (14) . When we exposed rat2 cells to EGF at 0°C, Ras-GTP increased rapidly ( Figure 1a , lane 2). Thus, low temperature does not inhibit EGF activation of Ras. Using an anti-phosphotyrosine blotting method, we confirmed that EGF treatment at 37°C resulted in prompt tyrosine phosphorylation of both Shc and Erk (Figure 4a ). In agreement with previous work, we found that low temperature blocks EGF signaling to Erk. However, we found that low temperature did not inhibit EGF-induced tyrosine phosphorylation of Shc, as expected from our results with EGF activation of Ras at 0°C.
Using an immune-complex kinase assay we found that Raf was only marginally activated when cells were treated with EGF at 0°C (Figure 4b) . Therefore, acute EGF signaling at 0°C is efficient to the point at which Ras is activated, but Raf activation is largely blocked.
Activation of Erk signaling after recovery from hypothermic stress is widespread in vertebrate cells. We used Erk phosphorylation assays to explore the circumstances in which Ras-Erk signaling is subjected to temperature regulation. In rat2 cells, the degree of Erk activation is proportional to the duration of hypothermia up to 4 hours, at which point Erk is fully activated (Figure 5a ). As expected, Erk activation after hypothermic stress was blocked by PD098059, a specific inhibitor of Mek activation (31) . Cells were exposed to various temperatures for a 4-hour period and then examined for Erk activation after briefly incubating at 37°C. We found that 4°C was sufficient to elicit robust Erk activation and that 10°C led to signifi- We also found that the previously documented inhibition of acute growth factor signaling at 0°C was a feature of each of the cultured cell types.
Pharmacologic inhibition of Mek promotes cell viability after prolonged hypothermic stress. We studied cultured cells exposed to prolonged hypothermia to determine whether Ras signaling influences viability. We first determined hypothermic exposure times that resulted in a substantial loss of viability for various cells types. We then confirmed that Erk can be activated after recovery from prolonged hypothermia and that this biochemical response is blocked by PD098059 pretreatment (Figure 5d ).
During the period of prolonged 0°C incubation, rat2 cells and RECs remain attached and have a near-normal morphology. Immediately after warming, the cells start to become rounded, and after 4 hours, many are detached from the substratum (Figure 6a) . When both the detached and attached cells are pooled and replated, a substantial loss of viability is evident from the failure of cells to reattach and to form colonies (Figure 6b) . Similar results were obtained with the MDCK epithelial cell line (Figure 6c ) and KD human fibroblasts. Treatment with the Mek inhibitor PD098059 prevented the change in REC and rat2 cell morphology and substantially increased viability in all cells tested. The Mek inhibitor U0126 (32) similarly protected rat2 cells from the detrimental effects of prolonged hypothermic stress.
Discussion
Ras is activated in response to hypothermic stress in rat2 fibroblasts, as assessed by 2 different methods. The activation of Ras occurs over a period of several hours, persists for many hours, and is comparable in magnitude to that achieved by acute growth factor signaling. From our analysis of phosphotyrosine-containing proteins, we have concluded that the activation of Ras in response to hypothermic stress occurs without overt activation of upstream growth factor signaling components such as Shc ( Figure  4a, lane 3) . However, Ras activation is slow in the cold, and the lack of overt activation does not rule out a role for conventional components of the Ras-activation mechanism.
Very little Ras-GTP was formed when purified Ras-GDP complex was incubated in vitro with an excess of labeled GTP for 4 hours at 0°C. Furthermore, 2 wellcharacterized Ras-GAPs did demonstrate activity at 0°C. We also found that Ras-GEFs of the CDC25 family had substantial activity in vitro at 0°C. Our studies do not provide a quantitative account of how temperature would affect the equilibrium between Ras-GDP and Ras-GTP in vivo. The amounts of Ras-GAPs and RasGEFs used in our in vitro experiments were arbitrary and likely do not reflect the relative activities of these factors in cells. However, we have shown that it is difficult to account for Ras activation in vivo without invoking Ras-GEF activity, and we have shown that Ras-GEFs can work at low temperature. These observations lead us to propose that Ras-GEFs do contribute to Ras activation in hypothermic cells. Our observations on the effects of cold on EGF signaling are also germane to this argument (see later discussion).
Upon rewarming to 37°C, cellular Ras-GTP promptly decreases. However, a brief but typical Ras effector response occurs upon warming, as evident from the sequential and robust activation of Raf, Mek, and Erk. We observed only a modest activation of the conventional stress kinases JNK/SapK and p38HOG. Furthermore, these pathways do not appear to be directly regulated by Ras in rat2 fibroblasts. Although many other biochemical changes no doubt occur, hypothermic stress followed by warming appears to activate Ras-Erk signaling specifically and strongly.
We also show here that the previously described inhibition of EGF signaling to Erk at low temperature involves a block in Raf activation. Importantly, EGF signaling to the level of Ras activation is efficient at 0°C. Indeed, slightly more Ras-GTP was formed within 5 minutes of EGF treatment at 0°C than was formed with EGF treatment at 37°C. EGF signaling to Ras in fibroblasts at normal temperatures almost certainly involves activation of Ras GEFs such as Sos (3). It seems implausible that hypothermic Ras activation by EGF involves an
Figure 4
Low temperature blocks acute growth factor activation of Raf and Erk but not Shc. (a) Rat2 cells were left untreated, stimulated with EGF at 37°C, incubated on ice for 4 hours followed by warming to 37°C for 5 minutes, or chilled on ice for 15 minutes followed by EGF stimulation on ice. Cellular proteins were then analyzed using a phosphotyrosine immunoblot method. The positions of pp42 Erk and the different tyrosine-phosphorylated Shc species are shown on the right. (b) Rat2 cells overexpressing wild-type Raf-1 were left untreated, chilled on ice for 30 minutes, and then stimulated with EGF on ice, or stimulated with EGF at 37°C. Raf was immunoprecipitated and assayed for catalytic activity (at 30°C), as described in Figure 3a . Triplicate samples shown are from 3 independent plates of cells. As negative and positive controls, respectively, no antibody was used to immunoprecipitate Raf from EGF-treated cells, and recombinant GST-Mek1 (Q56P) (mutationally activated) was used in place of Raf1 and wild-type GST-Mek1.
inhibition of GAPs coupled with spontaneous exchange, as the reaction occurs so quickly. These results bolster our argument that Ras-GEFs can function at 0°C in vivo and are part of the mechanism whereby hypothermic stress leads to slow Ras activation in the absence of acute EGF stimulation (see earlier discussion).
Raf activation involves recruitment to the plasma membrane, interaction with Ras-GTP, and a complex series of events involving protein kinases and probably lipid regulators (33, 34). We do not know which EGF-induced events are inhibited by cold, although our preliminary experiments suggest that Raf fails to associate with the membrane at 0°C (Chan, E.Y.W., and Stone, J.C., unpublished observations). Ras-GTP and the isolated Ras-binding domain of Raf interact with high affinity at low temperature in vitro (35) , but the protein complex containing full-length Raf in vivo (36) might behave differently.
Erk activation has been observed after recovery from both brief and prolonged hypothermia, and it occurs at temperatures frequently experienced by many vertebrate cells. The response has been observed in both primary cell populations and established cell lines. The 2 temperatureregulation mechanisms influencing Ras-Erk signaling, activation of Ras during hypothermia and the inhibition of EGF signaling, appear to be widespread in cultured vertebrate cells. Our observations on temperature regulation of Ras signaling could have important implications for understanding the behavior of normal vertebrate cells exposed to hypothermic stress. We hypothesized that RasErk signaling during recovery from hypothermia is part of a protective mechanism, and we predicted that pharmacologic inhibition of this pathway in cultured cells would exacerbate hypothermic damage and reduce cell viability. To our surprise, Mek inhibitors increased cell viability. This effect is completely reproducible, and it has been seen with 4 cell types. It occurs over a range of stress periods, and the magnitude of this effect is up to 40-fold (viability increased from 0.5% to 20%; Figure 6c ).
In some cellular contexts, Ras-Erk signaling has been proposed to contribute to apoptosis (11, 12, 37) , and hypothermic stress is a known trigger of apoptosis in a number of systems (19) (20) (21) . Indeed, when rat2 cells were warmed after prolonged hypothermia, we observed DNA fragmentation characteristic of apoptosis, and the amount of fragmented DNA was significantly reduced when the Mek inhibitor was present (Chan, E.Y.W., and Stone, J.C., unpublished observations). However, the idea that hypothermic activation of Ras-Erk signaling reflects some program that normally functions to rid vertebrates of damaged cells remains speculative.
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The , and REC (primary rat embryo fibroblasts) were treated as described below, and Erk activation was assessed using the immunoblotting assay described in b. A, untreated; B, acute growth factor treatment for 5 minutes at 37°C; C, incubation on ice for 4 hours followed by warming to 37°C for 5 minutes; D, incubation on ice for 30 minutes followed by acute growth factor treatment on ice for 5 minutes. Acute growth factor stimulation was EGF (100 ng/mL) for all cell types except CEFs, which were stimulated with 10% FBS. (d) RECs and rat2 cells were left untreated, stimulated with EGF, or incubated on ice for 4, 16, or 24 hours and then warmed to 37°C for 10 minutes. When indicated, cells were given a pretreatment of the Mek inhibitor PD098059 (50 µM) for 90 minutes at 37°C. Erk activation was assessed using a mobility shift assay. Note that only in a and d were SDS-PAGE conditions designed to resolve phosphorylated and nonphosphorylated forms of Erk.
Even if hypothermic Ras-Erk signaling does normally function to promote cell death, other factors must be important in determining the overall response to prolonged hypothermia, as shorter periods of hypothermic stress lead to strong Erk signaling without the detrimental effect on cell viability. Perhaps some biochemical responses that promote cell viability come into play after shorter periods of hypothermic stress, whereas the RasErk pathway dominates the response after prolonged hypothermia. In this context, it should be noted that Ras-GTP can stimulate PI3 kinase, which can lead to antiapoptotic signaling through Akt/protein kinase B (11, 12) . Furthermore, hypothermic stress can lead to activation of NF-κB (38) , and NF-κB can reduce Ras-induced apoptosis in rodent fibroblasts (37) . Thus, modest hypothermia might stimulate at least 2 anti-apoptosis pathways.
In any case, our results suggest a practical avenue that might be exploited to improve the survival of clinically useful cells in cold storage.
Figure 6
The biologic response of cells to prolonged hypothermic stress and the effects of inhibiting Erk activation using PD098059. (a)RECs were untreated (1) or given a prolonged incubation on ice followed by warming to 37°C for 4 hours in the presence (2) or absence (3) of 50 µM PD098059. The duration of the ice incubation was either 16 hours (a) or 24 hours (b). (a) Cell morphology 4 hours after rewarming. (b) Cell viability as determined by a reattachment assay and by the formation of colonies. (c) Cells of the indicated type were incubated on ice for various times, either in the presence or absence of 50 µM PD098059, and warmed to 37°C for 4 hours. Cell viability was assessed using the reattachment assay. For rat2 and MDCK cells, each value is the average from 3 independent samples with the standard deviation indicated.
